We report on a novel X-ray imaging technique enabling the detailed visualization of the consequences of impact damage in composite materials. The system is based on edge-illumination and can be implemented with conventional X-ray equipment, namely a rotating anode source and a digital detector, with the addition of two achromatic optical elements. It is robust against vibrations and thermal stress and works well with a polychromatic energy spectrum. The system is multi-modal and provides three representations of the sample: absorption, differential phase and dark-field. The latter is of particular interest to detect cracks and voids of dimensions that are smaller than actual spatial resolution of the imaging system. An example of application to a carbon fibre laminate plate consisting of 8 layers with a symmetric layup sequence of [0/90] is presented. Low-velocity impact damage was induced using standard drop weight procedures. The plates and impact damage were initially characterized using ultrasonic measurements and the two imaging methods are compared one to each other. Depending on the severity of the impact, fiber and matrix breakage and delamination occurred.
Introduction
X-ray Phase-Contrast Imaging (XPCI) enables to overcome the limitations of conventional radiography related to the lack of contrast for weakly absorbing details. This is achieved by introducing sensitivity also to the phase shifts imparted to the X-ray beam by the sample [1] . XPCI finds application in a wide range of fields, encompassing biological and medical sciences, security inspection and materials science. Several approaches exist for obtaining phase-contrast images in the X-ray regime, using large-scale synchrotron facilities and more compact X-ray-tube-based equipment [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Details on the imaging methods, developments and their applications are covered in recent reviews on the subject [13, 14] . Edge-illumination (EI) [9] and its area imaging implementation, often called coded-aperture [15] , are XPCI techniques providing quantitative amplitude and phase retrieval [16] . EI was adapted to use several types of radiation sources, namely synchrotron radiation [9] , rotating anode [15, 16] and microfocal [17] X-ray tubes. Ultrasmall-angle X-ray scattering imaging, in the hard X-rays regime was also recently developed for an EI set-up [18] , resulting in the extraction of a third representation of the sample, also referred to as dark-field image.
We present here the application of EI dark-field imaging to the visualisation of the defects occurring in a composite plate after impact damage. We start describing the sample, the X-ray dark-field imaging system and the imaging method. We present the images obtained by means of such a system, also compared to what can be achieved using conventional radiography. In addition, a comparison with ultrasound imaging is also presented and their complementarity is discussed.
Materials and methods
The typical experimental set-up for an EI imaging system is composed of an X-ray source, a sample masks that shapes the beam before it interacts with the sample, and an analyser which is composed of a second mask and a digital detector. A sketch of the system is shown in Fig. 1 . The parameters used for this experiment are as follows. The source to detector distance was z sd = 2 m while the sample to detector distance was z od = 40 cm, with a geometrical magnification of 1.25. The source was a molybdenum target, rotating anode X-ray tube (Rigaku, MM007), operated at 40 kVp and 20 mA, with a source size of approximately 70 µm. The pitches of the two masks are p 1 = 67 and p 2 = 83.5 µm, and the apertures a 1 = 12 and a 2 = 20 µm, for the sample and detector mask respectively. The masks were manufactured to the authors' design by Creatv Microtech (Potomac, MD) and had a gold thickness of about 30 µm and offered a field of view of about 5 × 5 cm. The alignment of the system [19] was performed by means of two stacks Figure 1 : Sketch of the EI imaging system used for this experiment. A rotating anode Xray tube produces a polychromatic beam that is shaped into an array of laminar beamlets before the sample. After interaction with the sample, each beamlet is analised by means of the edge of a second mask, placed right in front of the detector.
of Newport (ILS150, MFA and SR50) and Kohzu (SA07A-RM) motorized stages.
A description of image formation based on geometrical optics can be used for a typical laboratory set-up [18] :
where I 0 represent the intensity passing the sample aperture, L is the illumination function characterising the system, * denotes convolution and O is the scattering distribution induced by the sample . ∆x R = −∆θ R z od is the beam shift caused by refraction in the sample ∆θ R and t is the fraction of transmitted intensity. In order to retrieve the sample properties from the convolution Eq. 1, the following analytical solutions can be used [18] 
where C = −2 ln (I 1 /I 2 ) and D = −2 ln (I 3 /I 2 ), and a single Gaussian term is assumed for both L(x) and for O(x). I 1 and I 2 are acquired by using a lateral shift of x 1 = ±12 µm of the sample mask while I 2 is acquired at x 1 = 0, i.e. in the position were the sample mask and the detector mask have aligned apertures and therefore the maximum intensity is transmitted. The parameters describing the sample t, ∆x R and σ 2 M can also be iteratively refined [20] , and corrected for the inaccuracies arising from the masks' imperfections.
Results
The images obtained by means of EI X-ray phase contrast imaging are compared to what is observed with conventional radiography in Fig. 2 . Defects in the inner structure of the plate, resulting from the impact, can be clearly visualized in the dak-field, Fig. 2(c) . The larger cracks are well visible also in the differential phase image, Fig. 2(b) , but only those one that follow the direction of the aperture. It is in fact a peculiar property of this imaging technique that the signal of an edge-like feature appears modulated, in the differential phase image, by the relative angle between the edge and the aperture and the edge; it is maximum when they are aligned and minimum when they are orthogonal to each other. A strong signal is observed both in the differential phase and in the dark-field images few centimetres away from the impact point. This is probably generated by
